Background-Sirolimus is used in patients with renal insufficiency following liver transplantation (LT), especially in those with calcineurin inhibitor (CNI) associated nephrotoxicity.
BACKGROUND
Renal insufficiency in liver transplant (LT) recipients is associated with progression to end stage renal disease and a decrease in patient and graft survival.(1-4) After LT, calcineurin inhibitors (CNI) contribute further to the development of chronic renal failure. (5) (6) (7) (8) Minimizing the nephrotoxicity of immunosuppressive regimens may help decrease the number of patients developing chronic renal failure and its associated morbidity and mortality following LT.
Sirolimus is used as an alternative to CNI based immunosuppression, especially given its non-nephrotoxic side effect profile. However, outcomes with sirolimus based conversion in LT recipients have not been systematically studied. Part of the hesitation may be due to the adverse events associated with sirolimus. In 2002, the Food and Drug Administration (FDA) issued a black box warning regarding the risk of hepatic artery thrombosis with de novo sirolimus based primary immunosuppression. In June 2009, the FDA notified healthcare professionals of preliminary data suggesting increased mortality in stable LT patients after conversion from a CNI-based immunosuppression regimen to sirolimus.(9) Regardless, sirolimus is actively used in many liver transplant centers for patients with renal insufficiency based on data from small single center studies, often with contrasting results.
We hypothesized that the use of sirolimus in LT recipients with renal insufficiency will be associated with improvement in renal function at 1 year as compared to CNI based therapy or other standard immunosuppression. Additionally, we review reported side effects and adverse events associated with sirolimus.
METHODS
We utilized the recommendations of the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) as well as the Meta-analysis of Observational Studies in Epidemiology (MOOSE) group for reporting of the study. (10, 11) 
Inclusion and exclusion criteria
In primary adult LT recipients, we examined the use of sirolimus either as primary immunosuppression in patients with renal insufficiency or conversion from a reference immunosuppression regimen due to nephrotoxicity. We defined renal insufficiency as either a serum creatinine measurement ≥ 1.5mg/dL or estimated glomerular filtration rate (GFR) < 60ml/min/1.73 m 2 based on National Kidney Foundation K/DOQI criteria. (12, 13) The comparison or reference group could receive CNI (tacrolimus or cyclosporine at low dose or standard dose), mycophenolate mofetil, or interleukin 2 inhibitors (daclizumab or basiliximab), separately or in combination without sirolimus. All doses of steroid or other secondary immunosuppression (e.g. azathioprine) were eligible.
We included all randomized controlled trials and observational studies with a comparison group. Review articles, editorials and letters that did not report original data were excluded.
Search Strategy and Selection
We assembled a team with content (RHW, WRK) and methodological expertise (CPW, MHM). A medical librarian with expertise in conducting systematic reviews (PJE) was consulted to devise a sensitive search strategy. We searched PUBMED, EMBASE, Scopus, Web of Science, Cochrane central register of controlled trials, and the Hepatobiliary Group in the Cochrane library through December 25, 2009 without restriction on publication status or language of publication. We combined database specific search terms for sirolimus (sirolimus or rapamycin or mTOR inhibitors or rapamune) and liver transplantation (liver or liver transplantation or hepatic transplantation or hepatic graft or LT or olt). A hand search of relevant journals and annual meetings was also conducted. Further details regarding search strategy are provided in appendix 1 (Supplementary Information). Authors of relevant abstracts were contacted to reveal any unpublished data if available. All reference sections of eligible studies and pertinent reviews were hand reviewed for potential studies. We also requested information on potentially eligible studies from content experts and contacted the manufacturer of sirolimus for potential trials. We included relevant studies reported in foreign languages for translation into English (JT). Finally, authors of included studies were contacted for data clarifications and input as to the accuracy of our extraction.
Two reviewers (SKA and MDL) independently considered the eligibility of potential abstracts and titles. Inter-rater reliability was calibrated and retrieval strategies were refined by utilizing a smaller set of reports. All studies with disagreement, or lack of information to accurately assess eligibility, were carried to the full text stage for evaluation.
Both reviewers worked independently and considered the full text reports for eligibility. The kappa statistic (measure of agreement) was 0.83 with 94.4% observed agreement. Disagreements were harmonized by consensus and if not possible, by arbitration (WRK). The excluded studies and the reasons for exclusion are included in appendix 2 (Supplementary Information).
Data Extraction
All data extraction was done in duplicate by both reviewers independently. We extracted inclusion and exclusion criteria, participants enrolled (patient flow, age, sex, reason for transplantation, previous CNI dose, length of follow up), sirolimus associated characteristics (timing of intervention, bolus and maintenance dose, taper vs. abrupt cessation of previous therapy), and reference group immunosuppression regimens. Next, we assessed the risk of bias. For all trials, we assessed loss to follow up and how missing data was handled. For randomized controlled trials, we applied the Cochrane Collaboration risk assessment tool. (14) For assessing the quality of observational studies, we modified criteria suggested by the Newcastle-Ottawa quality assessment tool for observational studies. (15) The primary outcome was change in renal function from 1 year as compared to baseline (creatinine or glomerular filtration rate). The secondary outcomes were survival, graft failure, episodes of acute rejection, and requirement of renal replacement therapy at 1 year. We also examined the following adverse events: dyslipidemia requiring statin use, infection, edema, rash, oromucosal ulcers, proteinuria, poor wound healing, pneumonitis and hepatic artery thrombosis.
Statistical Analysis
The primary analysis determined the mean change in renal function from baseline to 1 year in the sirolimus group as compared to the reference group. We generated relative risk estimates for the secondary dichotomous outcomes (e.g. acute rejection episodes). A random effects model for pooled estimates and associated confidence intervals was utilized. Heterogeneity was explored by the I 2 test.(16) We calculated separate pooled estimates for randomized controlled trials.
We also calculated a standardized mean difference (SMD) to obtain a pooled estimate for all controlled trials and observational studies. The SMD is used as a summary statistic in metaanalysis when studies measure the same outcome (i.e. change in renal function) but measure it in a variety of ways (e.g. glomerular filtration rate, creatinine or creatinine clearance). The SMD expresses the size of the intervention effect relative to the variability or the standard deviation observed in that study. (14) Given that serum creatinine and eGFR have an inverse relationship, the mean values in studies reporting serum creatinine were multiplied by -1 to obtain the SMD. After calculation of the SMD, it was back transformed and re-expressed in familiar scales (estimated GFR) by multiplying the SMD by the baseline standard deviation of a representative observational study. (17) To explore causes of inconsistency and subgroup-treatment interactions, a priori subgroup analyses were performed based on trial design (randomized trials vs. observational studies), interventions (taper vs. abrupt cessation of CNI, bolus vs. no sirolimus bolus, timing of intervention, CNI vs. non CNI), and patient characteristics (>50% male). A sensitivity analysis was performed to examine whether the results changed when borderline eligible articles were excluded. We used RevMan 5 to conduct the analyses.
Missing information
We encountered two main types of missing information, regarding either precision of the estimates of the change in renal function (no standard deviation provided) or incomplete description of all adverse events of interest. To reconcile this, we provided all authors with a data extraction sheet and requested entry of missing items. If information was still lacking, standard deviations were imputed (appendix 3, supplementary information). We also included information from trials reporting no events in either arm over the follow up period. Though inclusion of these zero events trials may drive the results towards the null, they can increase precision of the estimate and allows for the inclusion and evaluation of the totality of the evidence. (18) To ensure that our imputations did not change our conclusion, we conducted sensitivity analyses varying the assumptions utilized in the imputations. Figure 1 summarizes the retrieval process utilized for the systematic review. Of the total 16 eligible studies, 2 reports were excluded as they characterized the same study (19, 20) , 1 report was excluded given that it was a non-English study only indexed at the National Library of Medicine (21) and 1 study was excluded as Wyeth pharmaceutical was unable to share unpublished data. (22) One study was available only in abstract form and no further data regarding renal function was available despite author contact. (23) The sponsor of the study, Genentech, was unable to share unpublished data.
RESULTS

Ascertainment of studies
In total, 11 studies (3 randomized controlled trials (24-26) and 8 observational studies (17, (27) (28) (29) (30) (31) (32) (33) ) were included for the systematic review and meta-analysis. Within these 11 studies, authors provided recently accepted unpublished manuscripts for 2 studies (24, 29) , and only abstract data was available for 2 studies (30, 31) . Authors of 7/11 studies provided further information. Table 1 describes the characteristics of the included studies; further details regarding patient selection, comparison group and outcomes are provided in appendix 4 (Supplementary Information). Most of the studies were single center and the total number of patients per study ranged from 16 to 148. A total of 86 patients were included in the 3 controlled trials. A majority of patients were male and transplanted for either alcoholic liver disease or hepatitis C. Table 2 shows details regarding the immunosuppression regimen. Two studies examined de novo sirolimus use at time of transplantation (32, 34) and 9 studies examined patients converted to sirolimus from other immunosuppression regimens. Most studies restricted their analysis to late initiation of sirolimus (> 6 months after transplantation). Two studies had separate subgroups of patients that underwent early initiation (< 6 months). (29, 33) The comparison group either received only CNI (17, 24-26, 28, 29) , CNI and Mycophenolate Mofetil (MMF) (27, 33) 
Study Characteristics
Risk of Bias
We evaluated the risk of bias in the 3 published randomized controlled trials (Table 3) . Allocation sequence generation was either described or confirmed by author contact for all studies. Allocation concealment was clearly described only by Watson et al. 2007 . None of the randomized controlled trials were blinded to observer or patient. Neither Eisenberger et al. 2009 nor Shenoy et al. 2007 were intent to treat analyses. Though Watson et al. 2007 was meant to be intent to treat analysis, randomization was not preserved as three patients who were randomized to CNI were not analyzed. Also, the trial was stopped at the interim analysis and not powered for the primary outcome.
Risk of bias was evaluated by modification of the Newcastle-Ottawa scale (Table 4) for the 6 observational studies. Only abstract data was available for the other 2 studies. (30, 31) The comparison group in all observational studies was obtained from LT recipients that did not receive sirolimus. Comparability of sirolimus and comparison group was obtained by restriction in three of the six studies. (17, 28, 32) No other method to ensure comparability (adjusting for confounders, stratification, or multivariable analysis) was described for the other studies. Selection bias may have influenced the outcome in all trials as reasons for allocation to either sirolimus or reference group may have varied. Allocation may have been at physician's discretion in most studies though Rogers et al. 2009 reported that a protocol was in place for sirolimus initiation. Not all patients had data available for the primary outcome at 1 year. Methods for handling missing data were not adequately described in any study. Patient flow was adequately described in one study. (17) 
Change in Renal Function over 1 year
Given the variability in reporting of the outcome (4 studies reported change in creatinine, 3 studies reported either change in creatinine clearance or glomerular filtration rate and 4 studies reported both), we calculated the SMD. Figure 2 shows that when all controlled trials and observational studies with complete data are considered, sirolimus use was associated with a non significant improvement in renal function at 1 year, SMD 0.30 [95% CI -0.26 to 0.86]. As an illustration, after transformation into the eGFR scale, this implies that sirolimus was associated with an improvement of 3.38 ml/min (95% CI -2.93 to 9.69).
All controlled trials had late initiation of sirolimus. In all three trials, the mean eGFR at baseline was >50 ml/min (table 1) . When limited to the 3 controlled trials (figure 3), sirolimus use was associated with a 10.38 ml/min (95% CI 3.98-16.77, I 2 =0%) improvement in renal function. (24) (25) (26) Imputation for mean change and standard deviation of the change was required in most studies. Additionally, it is unclear whether patients that progressed to renal replacement therapy (and therefore deterioration in renal function) were included in the change in renal function from baseline to 1 year. Data could not be included from Thompson et Zhang et al. 2008 (33) and the GFR in the reference group for Rogers et al. 2009 was only available prior to transplantation (rather than prior to sirolimus conversion) and end of follow up (mean 616 days) rather than 1 year after sirolimus. However, inclusion of these borderline eligible observational studies yielded a more favorable result, SMD 0.89 [95% CI 0.23 -1.55] or an improvement of 10.03 ml/min (95% CI 3.27 to 17.47) (Appendix 5, Supplementary information).
Secondary Outcomes
Reporting on secondary outcomes was incomplete across all studies. We assessed the relative risk of adverse outcomes if described at 1 year after initiation of sirolimus ( Figure  4 ). Specific details regarding the studies included for each outcome are provided in appendix 6 (Supplementary Information). At 1 year, the relative risk (RR) of patient death (RR=1.12, 95% CI 0.66-1.88), graft failure (RR=0.80, 95% CI 0.45-1.41) and rejection (RR=0.88, 95% CI 0.44-1.76) were not significantly increased in the sirolimus arm as compared to the reference arm. However, sirolimus use was associated with a non significant relative risk of renal replacement therapy (RR=1.71, 95% CI 0.83 -3.51) and the need for statin therapy (RR=2.93, 95% CI 0.52-16.55). It was associated with a statistically significant risk of infection (RR=2.47, 95% CI 1.14-5.36), rash (RR=7.57, 95% CI 1.75-32.70), edema (RR=2.49, 95% CI 1.09-5.66) and oromucosal ulcers (RR=7.44, 95% CI 2.03-27.28). Incidence of proteinuria and poor wound healing were similar for the sirolimus and reference groups. Insufficient details were provided to obtain the relative risk of either pneumonitis or hepatic artery thrombosis.
Rates of discontinuation due to tolerability and potential side effects of therapy were significant in the sirolimus arm, RR=3.61, 95% CI 1.32-9.89. In addition, 3 studies reported discontinuation rates for the sirolimus arm but did not provide data regarding the reference arm. In these studies, discontinuation rates in the sirolimus arm ranged from 33-55%. (17, (28) (29) 
Subgroup and sensitivity analyses
We conducted pre-specified subgroup and sensitivity analyses to explore heterogeneity based on study design, patient population, sirolimus administration and comparison group. Pooled estimates by trial design are provided in Figure 2 .
In certain cases, subgroup analysis was not possible due to the limited number of trials or missing information. For ease of interpretation, estimates expressed as SMD were transformed into the eGFR scale. Subgroup analysis by early initiation was not possible due to incomplete information. All controlled trials had late initiation of sirolimus. Sirolimus was associated with a non significant change in GFR of 4.62 ml/min (95% CI -1.01 -10.26) when limited to studies with late initiation of sirolimus as compared to a CNI only reference group. (17, (24) (25) (26) Sirolimus was associated with a non significant improvement in GFR of 1.35 ml/min (95 % CI -10.81 -13.52) in studies where sirolimus bolus was used (24, 25, 30) and an improvement of 9.58 ml/min (95% CI 2.37 -16.69) where CNI cessation was abrupt. (24, 26) Results were consistent across sensitivity analyses for imputation of standard deviations and studies with no events in either arm at the end of the follow up period (appendix 3, Supplementary Information).
DISCUSSION
Reducing the nephrotoxicity associated with current immunosuppressive regimens, especially in patients with underlying renal insufficiency is important in optimizing the long term outcome of liver transplant recipients. We conducted a systematic review and metaanalysis to assess the role of sirolimus in improving renal function after LT. Our study has several important findings: First, there is a paucity of well controlled trials and studies examining this issue. Current studies were heterogeneous, compared different interventions to sirolimus use and were susceptible to bias. Second, initiation of sirolimus is associated with a non significant improvement in renal function. Third, the risk of developing various infections, rash, oromucosal ulcerations and discontinuation of therapy were higher for patients treated with sirolimus. Finally, reporting of outcomes of renal function and adverse events is non-uniform and severely limits the conclusions.
A recent manufacturer sponsored randomized open label trial of conversion from CNI to sirolimus treatment versus continued CNI treatment was completed. (23) Patients with GFR >40ml/min were included. At the end of 12 months, baseline adjusted GFR was similar in patients receiving sirolimus (62ml/min) as those maintained on CNI (63ml/min). However details regarding the baseline GFR and percent change were not available to the authors despite contact with Wyeth pharmaceuticals. Whether these results will be published, remain to be seen. This trial formed the basis of a recent FDA sponsored alert regarding the elevated risk of death seen in the sirolimus arm. The number of deaths, though not statistically significant, was higher in the sirolimus arm (3.8% vs. 1.4%). Therefore, the use of sirolimus must be tempered with the risk of adverse events. In our meta-analysis, the risk of death (7 studies) or graft failure (6 studies) at 1 year was not significantly higher in the sirolimus arm. However, the inherent weaknesses of the individual studies as well as the lack of complete reporting of the outcomes may be responsible for the non significant effect seen in the meta-analysis.
Keeping the limitations of the individual studies and trials in mind, sirolimus use was associated with an improvement in renal function among the 3 controlled trials. When combined with methodologically sound observational studies, the improvement in renal function was no longer significant. All 3 trials examined late conversion (>6 months) from CNI based therapy to sirolimus. However, the mean GFR in the study was >50 ml/min and hence it is unclear whether the degree of improvement will be seen in patients with worse renal function. Furthermore, only 86 patients were analyzed in the 3 trials. In addition, the absence of differences in the open label trial sponsored by Wyeth as well as the unavailability of this data lends uncertainty to the true benefit of sirolimus in improving renal function. Whether the marginal improvement in renal function is sustained over the long term (beyond 1 year) is also unknown. This is especially important as the rates of discontinuation for sirolimus was high.
Alternatively, there may be a renal threshold or a point of no return, beyond which sirolimus initiation may not provide benefit. Indeed, a higher percent progressed to requiring renal replacement therapy in patients assigned to sirolimus, though this was non significant. This was primarily seen in observational studies suggesting a selection bias. The increased rate of renal replacement therapy may imply that sirolimus was used in persons identified by their providers as having rapidly declining renal function requiring active changes to the immunosuppression regimen. Sirolimus may have been utilized too late in persons that may have derived a potential benefit from early initiation, when the renal function was preserved. Hence, progression to renal replacement therapy could not be prevented. Indeed, as reported by Dubay et al. 2008 , patients exposed to CNI for more than 5 years or those with an initial creatinine clearance of less than 30 mL/minute who were converted to sirolimus did worse than control patients maintained on low-dose calcineurin inhibitors.(17) Among the three controlled trials (n=86), there was only 1 instance of RRT in the sirolimus arm.
Therefore, despite our rigorous methodology, the inherent limitations of the individual studies and trials preclude a stronger conclusion and further emphasize the need for large well-designed studies with longer follow up and well characterized end-points.
This study has several strengths. We conducted an extensive literature search and provided the most up to date information. Using two reviewers, we ensured inter-rater reliability and assessed inclusion of articles and extracted data independently. We aggressively contacted authors of included studies and content experts to accurately represent our findings. We improved inter-rater reliability by creating standard data extraction sheets and conducting pilot searches. We minimized publication bias by inclusion of non English studies, unpublished data and conference proceedings over a large time period. We applied known criteria to judge the quality of the trials and observational studies. We incorporated the MOOSE and PRISMA guidelines for the reporting of our systematic review. Finally, we contacted all authors of eligible trials. We assessed the appropriateness of our imputations in dealing with missing data. We were able to examine a multitude of adverse events. However, our study may have limitations. Only 50% of the authors that were contacted provided information. Nonetheless, author contact is rarely done in meta-analyses and is a significant strength of our methodology. Imputations were required for many of the studies. However, we conducted sensitivity analysis to ensure that the imputations did not alter the results. We were unable to include two unpublished reports and their authors could not be reached. At least for one of them, the results would have enhanced our primary outcome. Finally, pooling may not have been appropriate in all cases given the heterogeneity. However, we felt that providing an estimate with a statement of the limitations of the primary studies would provide useful information to the reader. Given the small number of studies, we did not feel that a funnel plot would provide useful information. Through a rigorous and sensitive search strategy as outlined above any publication bias should have been averted. We were unable to conduct a subgroup analysis on patients with early initiation of sirolimus (less than 6 months) due to incomplete data. Whether a larger benefit would have been seen with earlier initiation remains to be seen. On the other hand, the incremental improvement in GFR may not be sustained in patients with worse renal function. However, stage specific information was not available in the trials.
In summary, the use of sirolimus was associated with a non significant improvement in GFR. However, sirolimus use was associated with development of oral ulcers, rash, various infections and discontinuation of therapy. A high-quality RCT limited to early initiation of sirolimus, standardized definition of renal insufficiency, and identification of degree of renal dysfunction beyond which sirolimus may not be beneficial is needed to better define its role in treatment of these patients.
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